Petrology, genesis and geodynamic implication of the Mesoproterozoic–Late Cretaceous Timmasamudram kimberlite cluster, Wajrakarur field, Eastern Dharwar Craton, southern India  by Dongre, Ashish et al.
Geoscience Frontiers xxx (2016) 1e13HOSTED BY Contents lists available at ScienceDirect
China University of Geosciences (Beijing)
Geoscience Frontiers
journal homepage: www.elsevier .com/locate/gsfResearch paperPetrology, genesis and geodynamic implication of the
MesoproterozoiceLate Cretaceous Timmasamudram kimberlite
cluster, Wajrakarur ﬁeld, Eastern Dharwar Craton, southern India
Ashish Dongre a, N.V. Chalapathi Rao b,*, K.S. Viljoen a, B. Lehmann c
aDepartment of Geology, University of Johannesburg, P.O. Box 524, Auckland Park, 2006, South Africa
bDepartment of Geology, Centre of Advanced Study, Banaras Hindu University, Varanasi 221005, India
cMineral Resources, Technical University of Clausthal, 38678 Clausthal-Zellerfeld, Germanya r t i c l e i n f o
Article history:
Received 7 March 2016
Received in revised form
1 May 2016
Accepted 9 May 2016
Available online xxx
Keywords:
Kimberlite
Orangeite
Diamond
Timmasamudram
Wajrakarur
India* Corresponding author. Tel. þ91 9935647365 (Mobil
E-mail address: nvcr100@gmail.com (N.V.C. Rao).
Peer-review under responsibility of China University
http://dx.doi.org/10.1016/j.gsf.2016.05.007
1674-9871/ 2016, China University of Geosciences (B
ND license (http://creativecommons.org/licenses/by-n
Please cite this article in press as: Dongre, A
Timmasamudram kimberlite cluster, Wajrak
10.1016/j.gsf.2016.05.007a b s t r a c t
New mineralogical and bulk-rock geochemical data for the recently recognised Mesoproterozoic (ca.
1100 Ma) and late Cretaceous (ca. 90 Ma) kimberlites in the Timmasamudram cluster (TKC) of the
Wajrakarur kimberlite ﬁeld (WKF), Eastern Dharwar Craton, southern India, are presented. On the basis
of groundmass mineral chemistry (phlogopite, spinel, perovskite and clinopyroxene), bulk-rock chem-
istry (SiO2, K2O, low TiO2, Ba/Nb and La/Sm), and perovskite Nd isotopic compositions, the TK-1 (mac-
rocrystic variety) and TK-4 (Macrocrystic variety) kimberlites in this cluster are here classiﬁed as
orangeites (i.e. Group II kimberlites), with geochemical characteristics that are very similar to orangeites
previously described from the Bastar Craton in central India, as well as the Kaapvaal Craton in South
Africa. The remaining kimberlites (e.g., TK-2, TK-3 and the TK-1 microcrystic variant), are more similar to
other 1100 Ma, Group I-type kimberlites of the Eastern Dharwar Craton, as well as the typical Group I
kimberlites of the Kaapvaal Craton. Through the application of geochemical modelling, based on pub-
lished carbonated peridotite/melt trace element partition coefﬁcients, we show that the generation of
the TKC kimberlites and the orangeites results from low degrees of partial melting of a metasomatised,
carbonated peridotite.
Depleted mantle (TDM) Nd perovskite model ages of the 1100 Ma Timmasamudram kimberlites show
that the metasomatic enrichment of their source regions are broadly similar to that of the Meso-
proterozoic kimberlites of the EDC. The younger, late Cretaceous (ca. 90 Ma) TK-1 (macrocrystic variant)
and TK-4 kimberlites, as well as the orangeites from the Bastar Craton, share similar Nd model ages of
1100 Ma, consistent with a similarity in the timing of source enrichment during the amalgamation of
Rodinia supercontinent. The presence of late Cretaceous diamondiferous orangeite activity, presumably
related to the location of the Marion hotspot in southern India at the time, suggests that thick lithosphere
was preserved, at least locally, up to the late Cretaceous, and was not entirely destroyed during the
breakup of Gondwana, as inferred by some recent geophysical models.
 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Wagner (1914) recognized two main sub-groups of diamond-
bearing rocks in South Africa, and termed them ‘basaltic’ and
‘micaceous’ kimberlites. Smith (1983) subsequently recognized that
these sub-groups display distinct isotopic characteristics, ande).
of Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).
., et al., Petrology, genesis an
arur ﬁeld, Eastern Dharwar Cproposed the terms ‘Group I’ for the ‘basaltic’ kimberlites (less
radiogenic Sr and more radiogenic Nd and Pb) and ‘Group II’ to the
‘micaceous’ kimberlites (more radiogenic Sr and less radiogenic Nd
and Pb). Mitchell and Bergman (1991), and Mitchell (1995), sug-
gested that Group II kimberlites be renamed as ‘orangeites’ in
recognition of their geographic abundance in the Orange Free State
of South Africa, in addition to their distinct mineralogy and
geochemistry. It was initially assumed that orangeites only occur
within the Kaapvaal Craton, having formed seemingly uniquely
during a limited time period in the Mesozoic (Skinner, 1989;ction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
d geodynamic implication of the MesoproterozoiceLate Cretaceous
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Figure 1. (A) Geological map of southern India showing location of Wajrakarur
Kimberlite Field modiﬁed after Drury et al. (1984) and Patel et al. (2009). EDC: Eastern
Dharwar Craton, WDC: Western Dharwar Craton, EGMB: Eastern Ghat Mobile Belt, CG:
Closepet granite, NKF: Narayanpet kimberlite ﬁeld, RKF: Raichur kimberlite ﬁeld, WKF:
Wajrakarur kimberlite ﬁeld, CBF: Chitradurga boundary fault; (B) Enlarged map of
Wajrakarur Kimberlite Field showing locations of Timmasamudram kimberlite cluster
(TK-1 to TK-4 pipes) (after Nayak and Kudari, 1999).
A. Dongre et al. / Geoscience Frontiers xxx (2016) 1e132Mitchell, 1995; Coe et al., 2008). However, subsequently rocks
which are petrologically and geochemically akin to orangeite have
been discovered in a number of other locations word-wide, e.g.
Dronning Maud Land, Antarctica (ca. 159 Ma; Romu et al., 2008),
the Mainpur area of the Bastar Craton, central India (ca. 65 Ma;
Lehmann et al., 2010), and West Karelia (ca. 1.2 Ga; Kargin et al.,
2014). A relatively rare, third group of kimberlitic intrusions
termed as ‘transitional’ kimberlite were also recognized on the
Kaapvaal Craton, as well as within the adjacent Proterozoic
NamaquaeNatal mobile belt (Skinner et al., 1992; Becker et al.,
2007). Subsequently, kimberlites with transitional petrological
and geochemical characteristics were also described from various
other cratons outside the southern African region (Beard et al.,
2000; Kaminsky et al., 2004; Chalapathi Rao, 2005; Chalapathi
Rao and Dongre, 2009).Please cite this article in press as: Dongre, A., et al., Petrology, genesis an
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10.1016/j.gsf.2016.05.007All of the reported kimberlite occurrences in southern India are
located on the Eastern Dharwar Craton (EDC), which represent one
of the largest known Mesoproterozoic kimberlite provinces in the
world (with an age ofw1100 Ma; Kumar et al., 2007a,b; Chalapathi
Rao et al., 2013). More recently, the discovery of a late Cretaceous
episode of kimberlite magmatism (w90 Ma) in the Timmasamu-
dram cluster (TKC) of the EDC in southern India (Chalapathi Rao
et al., 2016), has served to highlight the presence of at least two
episodes of kimberlite magmatism on the EDC.
The Mesoproterozoic to late Cretaceous diamondiferous Tim-
masamudram kimberlite cluster is, thus, one of the very few clusters
of the world, outside southern Africa, where kimberlites and
orangeites occur together and serve to reﬁne their petrogenetic and
geodynamicmodels. The present study focuses on the mineralogical
and petrological characteristics of the TKC (comprising of the TK-1,
TK-2, TK-3 and TK-4 intrusions). One of the pipes in this cluster
(the TK-1 macrocrystic variety) has recently been dated as late
Cretaceous in age (w90 Ma), which contrasts with the w1100 Ma
Mesoproterozoic age of the TK-1 (microcystic variety) and the TK-3
intrusions (Chalapathi Rao et al., 2016). The purpose of the present
contribution on the TKC, is (i) to document the mineral chemical
compositions of groundmass phases in order to gain an under-
standing of magma liquidus compositions, (ii) to compare this new
data with that available for other well characterised kimberlites and
orangeites in India and southern Africa, in order to decipher simi-
larities and differences, and (iii) to constrain their genesis from the
new and previously published bulk-rock geochemical data, so as to
gain insight into the geodynamics involved.
2. Geological setting
The Archean Dharwar Craton consists of a combination of
graniteegreenstone terranes, as well as gneissic basement of
tonaliteetrondhjemiteegranodiorite (TTG) composition (the
Peninsular Gneiss; Naqvi and Rogers, 1987). The Craton is bordered
by the Proterozoic Eastern Ghats Mobile Belt (EGMB) in the east, by
the Archean Bastar Craton in the northeast, and is covered by the
CretaceousePaleogene lava ﬂows of the Deccan Large Igneous
Province in the northwest (Fig. 1). A conspicuous feature of the
Dharwar Craton is the northesouth trending, w400 km long and
20e30 km wide cluster of plutons known as the Closepet Granite,
dated at 2510 Ma (Friend and Nutman, 1991). Sediments of Paleo-
Mesoproterozoic intra-cratonic sedimentary basins, such as the
Cuddapah Basin, unconformably overlie the graniteegreenstone
terrane in the eastern region of the Dharwar Craton. The craton is
divided into two blocks, the Eastern Dharwar Craton (EDC) and the
Western Dharwar Craton (WDC), with apparently distinct histories
of crustal evolution (Chadwick et al., 2000; Ramakrishnan and
Vaidyanadhan, 2010). A prominent shear zone located along the
eastern margin of the Chitradurga greenstone belt, the Chitradurga
Boundary Fold (CBF), is widely considered to be the boundary be-
tween these blocks (Jayananda et al., 2006). Recent studies on
kimberlite-derived eclogite xenoliths from the Wajrakarur
kimberlite ﬁeld (WKF), lend support to geodynamic models that
favour the amalgamation of the Dharwar Craton through subduc-
tion (e.g. Dongre et al., 2015).
The kimberlites on the Dharwar Craton are restricted to the EDC,
east of the Chitradurga shear zone, and are mainly distributed over
three ﬁelds. These include the Wajrakarur kimberlite ﬁeld (WKF) in
the southern part of the EDC and the Narayanpet kimberlite ﬁeld
(NKF) in the northern part of the EDC, with the Raichur kimberlite
ﬁeld (RKF) located between these two (Fig.1). Most of theWKF pipes
are diamondiferous, with more than 30 individual pipes distributed
over four distinct clusters, the Wajrakarur, Chigicherla, Kalyandurg
and the Timmasamudram (Nayak and Kudari, 1999; Chowdary et al.,d geodynamic implication of the MesoproterozoiceLate Cretaceous
raton, southern India, Geoscience Frontiers (2016), http://dx.doi.org/
Figure 2. (A) Photomicrograph of TK-1 kimberlite in transmitted light showing a ﬁner grained microcrystic variant having dark coloured groundmass (boundary demarcated by
dotted line) and coarser grained macrocrystic variant; (B) BSE image of TK-1 (macrocrystic) showing association of phlogopite (Phl), clinopyroxene (Cpx) and serpentine (Srp) in the
groundmass; (C) Inequigranular texture of TK-1 (macrocrystic) showing large olivine (Ol) in the groundmass rich in spinel (Spl), perovskite (Prv), carbonate (Cb), clinopyroxene and
serpentine; (D) Unaltered perovskite in TK-1 (macrocrystic); (E) Clinopyroxene and perovskite association in the groundmass of TK-1 (macrocrystic) kimberlite; (F) Large olivine
macrocryst in TK-1 kimberlite; (G) Zonned spinel in TK-1 (microcrystic) showing dark colour Cr rich core and irregular boundaries and (H) Groundmass texture of TK-4 (macro-
crystic) kimberlite exceptionally rich in phlogopite, carbonate and serpentine.
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A. Dongre et al. / Geoscience Frontiers xxx (2016) 1e1342007). Precise RbeSr and UePb radiometric ages, determined on
phlogopite and perovskite separates, demonstrate that kimberlite
emplacement in the EDC took place during the Mesoproterozoic at
w1100 Ma (Gopalan and Kumar, 2008; Osborne et al., 2011;
Chalapathi Rao et al., 2013), and again during the late Cretaceous
atw90 Ma (Chalapathi Rao et al., 2016).
The Timmasamudram kimberlite cluster (TKC) was discovered
underneath diamondiferous river terrace gravels, by the Geological
Survey of India during the 3-year period 2005e2007 (Chowdary
et al., 2007). It is located on the left bank of the Penner River
approximately 1.5 kmWSWof the village of Timmasamudram. The
surface expressions of these kimberlites are semi-circular to oval in
shape, with pipe dimensions varying from 20 m  25 m to 30 m
 50 m. The kimberlites are emplaced in TTG of the Peninsular
Gneissic Complex (PGC), with an early- to mid-Archean age. Three
of the kimberlite pipes (TK-1, TK-2 and TK-3), occur in linear
alignment over a distance of 1 km, while the remaining kimberlite
(TK-4) occurs in an adjacent, parallel fracture, approximately
0.6 km SE of TK-2 (Chowdary et al., 2007), and indicating a separate
structural control for its emplacement. The processing of samples of
the TKC by the Geological Survey of India, suggests that TK-1, TK-2
and TK-3 are barren. In contrast, a very high incidence of diamonds
of gem quality, the highest recorded so far for any of the kimberlites
in India, were encountered in TK-4 (Sridhar and Sinha, 2008).
3. Analytical procedure
The freshest possible samples were collected from outcrop, as
well as exploration pits and trenches dug by the Geological Survey
of India. Special care was taken to remove all visible crustal and
mantle-derived contaminants, as well as calcite veining, before
subjecting the samples to geochemical analysis. Mineral chemistry
data were obtained on CAMECA SX-100 electron microprobes
(EPMA) at TU Clausthal (Germany) as well as the University of
Johannesburg (South Africa). Wavelength dispersive spectrometry
(WDS), utilising TAP, LLIF and PET crystals, were employed. Various
in-house standards were used for calibration, along with an ac-
celeration voltage of 15 kV, a beam current of 20 nA, a beam
diameter of 1 mm, and a counting time of 30 s. Whole-rock major
and trace element analyses were conducted by Activation Labora-
tories Ltd., located in Ancaster, Ontario, Canada. ICP-OES (Thermo-
JarretAsh ENVIRO II) was used to analyze the major elements, while
ICP-MS (PerkinElmer Sciex ELAN 6000) was used to analyze the
trace and rare earth elements (REE). The precision is <5% for all
analyzed elements, at 100  detection limit. Standards SY-3, W-2,
DNC-1, BIR-1 and STM-1 were analysed along with the samples to
check accuracy and precision. Further detail on the analytical pro-
cedure can be obtained from Gale et al. (1997) as well as the Acti-
vation Laboratories website (http://www.actlabs.com).
4. Petrography and mineral chemistry
All of the Timmasamudram kimberlites (i.e. TK-1, TK-2, TK-3 and
TK-4) possess an inequigranular porphyritic texture, which is
imparted by large rounded macrocrysts and microphenocrysts of
olivine (sometimes serpentinised and carbonated) and phlogopite.
TK-1 and TK-4 contain two distinct kimberlite varieties (Fig. 2A),
comprising of comparatively ﬁne-grained microcrystic kimberlite,
as well as a coarser, macrocrystic variant (Sridhar and Sinha, 2008;
Chalapathi Rao et al., 2016). These two variants are readily distin-
guishable in thin sections, and more rarely, also in hand specimen.
In the case of the TK-1 kimberlite it has been demonstrated that the
microcrystic kimberlite is older than the macrocrystic kimberlite
(Chalapathi Rao et al., 2016). There are also sufﬁcient major and
trace element differences between the two TK-1 phases to suggestPlease cite this article in press as: Dongre, A., et al., Petrology, genesis an
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cussed further in geochemistry section of this paper). Relative age
relations between the microcrystic and the macrocrystic kimberlite
of the TK-4 pipe could not be determined (Sridhar and Sinha, 2008).
The TK-1 kimberlite (macrocrystic) is the freshest among all the
kimberlites of this cluster, and contain large macrocrysts of fresh,
rounded to angular olivines, set in ﬁner grained groundmass of
olivine, phlogopite, clinopyroxene, spinel, calcite, ilmenite, apatite
and perovskite (Fig. 2). Angular fragments (xenoliths) of the earlier
formed microcrystic variant is comparatively ﬁner-grained, but has
a similar mineralogy to that of the macrocrystic variant, with the
exception of the additional presence of phlogopite. Perovskite is
more abundant in the microcrystic variant relative to the macro-
crystic variant. In contrast, the macrocrystic variant of the TK-4
kimberlite pipe is extremely rich in phlogopite, which occurs
both as macrocrysts and groundmass microphenocrysts (Fig. 2).
Olivine macrocrysts are completely pseudomorphed by serpentine
and carbonates. The groundmass is made up of olivine, phlogopite,
spinel, calcite and perovskite. Shaikh et al. (2015) do not report the
presence of perovskite in their study of the TK-4 kimberlite. Only
macrocrystic, and not aphanitic, variants of TK-4 are incorporated
in the present study, hence throughout this paper, TK-4 refers to the
macrocrystic variant, unless otherwise speciﬁed. The rest of the
kimberlites (TK-2 and TK-3) contain large rounded pseudomorphic
macrocrysts and microphenocrysts of olivine and phlogopite, set in
a ﬁne grained, highly altered, serpentinised and carbonated
groundmass rich in phlogopite, perovskite, ilmenite and spinel. All
the TKC kimberlites contain crustal xenoliths of granitoid gneisses
and amphibolites and w1 to 3 cm-sized mantle nodules of phlo-
gopiteegarnet lherzolites and glimmerite (Chowdary et al., 2007;
Sridhar and Sinha, 2008). However, no xenoliths were encoun-
tered during this study. The mineral chemistry of various primary
phases in the TKC kimberlites (spinel, phlogopite, perovskite,
olivine, clinopyroxene), is presented in Supplementary Tables 1e5,
and compositional trends for each mineral are discussed below.
4.1. Spinel
Spinel grains (<50 mm) are present in all the samples examined,
typically occurring as subhedral to euhedral crystals in the
groundmass. Spinels in TK-1 (macrocrystic variety) show corroded
and resorbed boundaries.
Two populations of spinel, which show little variation in terms
of morphology, can be distinguished in TK-1, based on MgO and
Cr2O3 contents (Supplementary Table 1): (i) chrome-spinels having
higher MgO (up to 12.2 wt.%) and high Cr2O3 (6.6e49.2 wt.%, Cr/
(Cr þ Al): 0.70e0.96) occurring in the TK-1 macrocrystic variety of
kimberlite and (ii) low Cr-spinels having lowerMgO (up to 8.9 wt.%)
and highly variable Cr2O3 (up to 0.07e48 wt.%, Cr/(Cr þ Al):
0.08e0.96) in the TK-1 microcrystic variety. These populations
likely reﬂect compositional differences between the two different
kimberlite pulses in TK-1.
An abundance of chrome-spinel (Cr2O3 up to 59.2 wt.%, MgO up
to 12.9 wt.% and Cr/(Cr þ Al): 0.05e0.93) is a characteristic feature
of TK-4. Two compositional trends are known for groundmass
spinel from kimberlites, being (i) a magmatic trend-1, or the
magnesian ulvospinel trend; and (ii) a magmatic trend-2, or the
titano-magnetite trend (Mitchell, 1995). Kimberlite trend-1 is
recognized as the characteristic, deﬁning, spinel compositional
trend of archetypal kimberlites (i.e. Group 1 kimberlites), whereas
trend-2 is uncommon in Group 1 kimberlites but diagnostic of
orangeites (i.e. Group 2 kimberlites) and ultramaﬁc lamprophyres
(Mitchell, 1995; Tappe et al., 2005). Interestingly, signiﬁcant pop-
ulation of the spinels from all the pipes display the trend-2, also
shown by spinels from the Bastar orangeites (Fig. 3). Many of thed geodynamic implication of the MesoproterozoiceLate Cretaceous
raton, southern India, Geoscience Frontiers (2016), http://dx.doi.org/
Figure 4. (A) TiO2 versus Al2O3, and (B) FeO versus Al2O3 variation in phlogopite from
TK-1 (macrocrystic variant) and TK-4 pipes. Fields for orangeite, kimberlite, lamproite
and lamprophyres are from Mitchell (1995) and Beard et al. (2000); EDC lamproites
from Chalapathi Rao et al. (2010); Bastar orangeites from Chalapathi Rao and Lehmann
(2011).
A. Dongre et al. / Geoscience Frontiers xxx (2016) 1e13 5spinels in TK-1 (microcrystic variety) are zoned, showing a decrease
in Cr2O3 and MgO from core to margin. In contrast, the majority of
the spinels in TK-1 (macrocrystic variety) are homogeneous.
4.2. Phlogopite
Phlogopite is abundant in the TK-1 (macrocrystic), TK-2, TK-3
and TK-4 kimberlites. In the TK-1 (macrocrystic variety) it mostly
occurs as a groundmass phase, with occasionally-occurring spinel
inclusions. Phlogopites in the TK-2 and TK-3 kimberlites are mostly
chloritized. Those in the TK-4 pipe occur as irregular macrocrysts,
as well as subhedral, distorted microphenocrysts. Mineral chem-
istry data and compositional trends for the phlogopites from TK-1
(macrocrystic) and TK-4 are presented in Supplementary Table 2
and Fig. 4. The phlogopites in TK-1 (macrocrystic) are depleted in
Al2O3 (<10.2 wt.%) as well as in TiO2 (<2.4 wt.%), and plot pre-
dominantly in the ﬁeld of groundmass phlogopites in orangeites
(Fig. 4A). Phlogopites in TK-4 are relatively enriched in TiO2
(1.6e4.6 wt.%) and Al2O3 (11.6e15.3 wt.%) and follow the compo-
sitional trend of ultramaﬁc lamprophyres (aillikites; Tappe et al.,
2004), perhaps suggesting an afﬁnity with such rocks for TK-4.
However, higher Al2O3 content in phlogopite (than is typical for
orangeites), have also been reported for phlogopites from the
Bastar orangeites (Fig. 4A), while Ti-rich micas (TiO2 up to 9 wt.%)
have been also recognised in evolved orangeites at Besterskraal and
Sover North (Mitchell, 1995). Phlogopites in the TK-1 (macrocrystic)
and TK-4 kimberlites have higher FeO content than typical Group 1
kimberlites, are compositionally conﬁned to the orangeite/lamp-
roite ﬁeld, and show some similarity to micas from the Bastar
orangeites (Fig. 4B). Phlogopites in TK-1 (macrocrystic variety)
follow the tetraferriphlogopite trend of increasing Fe accompanied
by Al depletion, which is typical of orangeites (Mitchell, 1995).
Cr2O3 contents vary widely with relatively higher contents in TK-4
(up to 1.2 wt.%), and lower contents (mostly <0.07 wt.%) in TK-1.
The phlogopites in the various pipes under discussion show much
variation in their K2O and BaO contents, ranging from 5.3e10.1 wt.%
and 0.2e4.4 wt.% respectively. The highest concentrations of Ba (up
to 4.4 wt.%) are encountered in the groundmass micas of TK-1
(macrocrystic variety).
4.3. Perovskite
Perovskite is a common groundmass mineral in the TKC cluster,
occurring as subhedral to euhedral grains. It is more abundant, and
comparatively smaller in size (w10 mm), in the microcrystic variant
of TK-1, as opposed to the macrocrystic variant. Perovskites show
wide compositional variation in terms of their TiO2 contents (TK-1Figure 3. Atomic Ti/(Ti þ Cr þ Al) versus TFe2þ/(TFe2þþMg) for spinels under study,
ﬁelds after Mitchell (1995).
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49.4e58.7 wt.%; TK-3: 53.2e56 wt.%; TK-4: 46.2e62.4 wt.%;
Supplementary Table 3) and REE2O3 (TK-1 microcrystic variant:
1.8e3.3 wt.%; TK-1 macrocrystic variant: 2e4.4 wt.%; TK-3:
4.1e6.4 wt.%; TK-4: 4.4e7.2 wt.%). Perovskites in TK-1 (macro-
crystic), TK-3 and TK-4, with their higher TiO2 and REE2O3 contents,
display a marked compositional afﬁnity with perovskites in
orangeites (Donnelly et al., 2011, Fig. 5A).
4.4. Olivine
Macrocrystal and phenocrystal olivine are ubiquitous in the
rocks of the TKC. Olivines in TK-1 are fresh, while those in TK-3 and
TK-4 are mostly pseudomorphed by serpentine. The olivines in TK-
1 (macrocrystic) are on average, more magnesian (Fo: 87.9e92.8;
Fig. 4B) than in TK-1 (microcrystic), while those in TK-1 (micro-
crystic) are compositionally more diverse (Fo: 84.9e93.8;
Supplementary Table 4 and Fig. 5B). This may be a reﬂection of
source characteristics, e.g. olivines in orangeites tend to be slightly
more magnesian than olivines in Group 1 kimberlites (Mitchell,
1995). Ni contents in both variants of the TK-1 pipe range from
0.29 to 0.42 wt.%.
4.5. Clinopyroxene
Clinopyroxene is present as small, unzoned, prismatic crystals in
the groundmass of only TK-1 pipe. Shaikh et al. (2015) did report ond geodynamic implication of the MesoproterozoiceLate Cretaceous
raton, southern India, Geoscience Frontiers (2016), http://dx.doi.org/
Figure 5. (A) TiO2 versus
P
REE2O3 (La2O3, Ce2O3 and Nd2O3) variation for perovskites,
dividing line between kimberlite and orangeites is from Donnelly et al. (2011); (B) NiO
versus Fo variation for fresh olivines from TK1 pipe, kimberlite olivine ﬁeld from
Mitchell (1986); (C) Atomic MgeFeeCa variation for clinopyroxenes from TK-1
kimberlite, ﬁelds for kimberlite and orangeite are from Mitchell (1995) and for
Eastern Dharwar Craton kimberlites from Chalapathi Rao and Dongre (2009).
Figure 6. (A) MgO versus SiO2, and (B) SiO2 versus K2O variation for kimberlites under
study, ﬁelds for orangeite and kimberlite are from Becker and Le Roex (2006) and
Becker et al. (2007).
A. Dongre et al. / Geoscience Frontiers xxx (2016) 1e136the presence of clinopyroxene in TK-4, but chemical compositions
were not determined. The clinopyroxene in the present study is a
diopside of restricted compositional range, with little composi-
tional difference between the macrocrystic and microcrystic vari-
ants (with the exception of Al2O3 and TiO2). In the TK-1microcrystic
variant, Al2O3 varies up to 1.76 wt.% and TiO2 up to 1.09 wt.%, while
in the macrocrystic variant Al2O3 varies up to 0.88 wt.% and TiO2 up
to 3.27 wt.% (Supplementary Table 5). Primary groundmass clino-
pyroxene is generally a rare constituent in Group 1 kimberlites
world-wide, with the exception of only a few occurrences (Zago-
dochnaya, Premier, Schuller, Orroroo; Mitchell, 1995 and references
therein). In contrast, clinopyroxene is a common primary constit-
uent of orangeites (Mitchell, 1995; Tappe et al., 2005; Coe et al.,
2008), as well as the transitional kimberlites of southern Africa
(Becker et al., 2007), and southern India (Chalapathi Rao andPlease cite this article in press as: Dongre, A., et al., Petrology, genesis an
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TK-1 (Fig. 5C) are comparable with Fe-poor diopsides occurring in
orangeites from southern Africa (Mitchell, 1995) and central India
(Chalapathi Rao et al., 2011), and are markedly different in
composition to that of clinopyroxenes from EDC kimberlites which
have much higher FeO contents (Fig. 5C).5. Whole-rock geochemistry
New whole-rock major and trace element analyses of the TK-3
kimberlite are presented in Supplementary Table 6, along with
existing available data for the TKC (Chalapathi Rao et al., 2016). The
rocks are characterised by a wide variation in SiO2 (28e49.3 wt.%),
with TK-1 (microcrystic and macrocrystic varieties) and TK-4
(macrocrystic variety) showing the higher SiO2 values
(40.5e49.3 wt.%; Supplementary Table 6; Fig. 6A). These elevated
SiO2 contents are similar to that of (i.e. are characteristic of)
orangeites from the Bastar Craton (Chalapathi Rao et al., 2011) as
well as the Kaapvaal Craton (Becker and Le Roex, 2006). Marked
geochemical differences are also observed for the microcrystic and
macrocrystic variants of TK-1. The microcrystic variant contains
lowerMgO (w11wt.%), higher CaO (w13wt.%) and K2O (w1.6 wt.%)
whereas the macrocrystic variant is highly enriched in MgO
(27e28 wt.%) and depleted in CaO (w7 wt.%) and K2O (<1 wt.%)
contents (Fig. 6B).
The diamondiferous TK-4 pipe shows higher bulk MgO (up to
18.91 wt.%) andMg# (83.80), similar to TK-1 (macrocrystic). MgO in
samples from TK-2 and TK-3 is relatively low, ranging from 8.97 tod geodynamic implication of the MesoproterozoiceLate Cretaceous
raton, southern India, Geoscience Frontiers (2016), http://dx.doi.org/
Figure 7. (A) Nb vs. Ba and (B) La vs. Rb variation for kimberlites under study, Fields for
kimberlites and orangeites are from Becker and Le Roex (2006).
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Mg# may result from water-rock interaction, and the leaching of
MgO, as also reﬂected in the somewhat altered nature of these
samples. Fe2O3T concentrations in all the pipes vary from 7 to
13.2 wt.%, whereas P2O5 contents are <1 wt.%. The TiO2 content of
bulk samples of the TKC pipes varies from 2e4 wt.%, with the
exception of TK-1 (macrocrystic) and TK-4, which have the lowest
TiO2 (aboutw1 wt.%; Supplementary Table 6). Such low TiO2 is also
a characteristic feature of the orangeites from the Bastar and
Kaapvaal cratons. On plots of major element variation (Fig. 6), TK-1
(macrocrystic) and TK-4 samples are conﬁned to the ﬁeld of
orangeites.
The samples of TK-1 (macrocrystic) and TK-4 have similar
abundances of Ni (640e1130 ppm) to orangeite, in contrast to the
other pipes of the TKC where Ni is considerably lower (<600 ppm;
Supplementary Table 6). High ﬁeld strength elements (HFSE) which
are generally regarded to be immobile during hydrothermal alter-
ation are comparatively more abundant in TK-4 (La: 193e218 ppm,
Th: 28e29 ppm, Nb: 193e218 ppm) compared to the rest of the
pipes (La: 69.6e180 ppm, Th: 9.9e23.7 ppm, Nb: 86e183 ppm;
Supplementary Table 6). Large ion lithophile element contents e.g.
Rb (3e120 ppm) and Ba (310e1999 ppm) are highly variable in all
the samples, with those from TK-1 (macrocrystic variant) and TK-4
showing the highest content of Rb (71e120 ppm) and Ba
(845e1999 ppm), similar to those displayed by orangeites (Fig. 7).
Primitive mantle-normalized trace element abundances for the
samples of the TKC show two distinct types of patterns (Fig. 8). Both
variants of TK-1 and TK-4 have abundance patterns similar to that
of orangeite (Fig. 8A), e.g. a positive Pb anomaly and negative Rb, K,
Sr and Ti anomalies. Samples from TK-2 and TK-3 show parallel
patterns with pronounced negative Rb, Ba and K anomalies, and
somewhat less pronounced negative spikes in the case of Ti, which
differs from orangeites (Fig. 8B). Positive Pb anomalies arePlease cite this article in press as: Dongre, A., et al., Petrology, genesis an
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2006) and Bastar orangeites (Chalapathi Rao et al., 2011), but are
absent in the samples from TK-2 and TK-3.
6. Discussion
6.1. The effects of crustal contamination
Application of the crustal contamination index of Clement
(1982) (CI¼ (SiO2 þ Al2O3 þ Na2O)/(MgO þ K2O)) to all the sam-
ples under investigation, results in a CI of 1.5e4.2 (Supplementary
Table 6). Samples of TK-1 (microcrystic variety) show some of the
highest CI values, even ranging up to 4.2. This implies a signiﬁcant
role for crustal contamination in this instance. In contrast, TK-1
(macrocrystic) shows some of the lowest CI values (w1.5),
implying minimal crustal contamination. Moderately elevated CI
values (w3) in the case of samples from TK-2 and TK-3 can be
attributed to very low amounts of MgO and K2O in these pipes,
owing to the effects of secondary alteration as opposed to crustal
contamination. Kjarsgaard et al. (2009) evaluated the applicability
of the CI as a measure of contamination, and demonstrated the
need to use it in conjunction with other geochemical screens.
Therefore, in an attempt to further evaluate the degree of crustal
contamination in the present instance, we have used binary dia-
gramswhich involve Si, Mg and ﬂuidmobile elements such as K. On
a plot of MgO versus SiO2 (Fig. 6A), a general non-scattered positive
trend is shown by all the samples with the exception of TK-1
(microcrystic). Elevated SiO2 contents in the latter reﬂect the
possible effects of crustal contamination. TK-1 (macrocrystic) and
TK-4 samples shows elevated contents of K2O similar to Indian and
South African orangeites, reﬂecting higher modal amounts of
phlogopite in these rocks. A general off-trend pattern for the
samples of TK-1 (microcrystic variety) can also be seen on a plot of
SiO2 and K2O (Fig. 6B), which once again, implies crustal contam-
ination. However, a positive trend involving ﬂuid mobile element K
argues against crustal contamination in other samples. TK-4 and
both variants of TK-1 also show positive Pb anomalies (Pb/
Pb* ¼ 1.7e3.9) with TK-1 (microcrystic) having the highest values
(Pb/Pb* ¼ 3.4e3.9; Fig. 9A). Crustal rocks are recognised as having
higher Pb contents, and therefore such high positive Pb anomalies
can be generated through crustal contamination. TK-1 (macro-
crystic) and TK-4 also show similar lower abundances of HREE like
those found in orangeites whereas TK-1 (microcrystic variant)
shows higher HREE abundances (with Lu/Gd: 0.05; Fig. 9A).
Importantly, higher HREE abundances and positive Pb anomalies
are probably more likely due to crustal contamination (Le Roex
et al., 2003), and hence probably not due to an orangeitic nature
of the magma.
6.2. Orangeite nature of TK-1 (macrocrystic) and TK-4
The nomenclature of the primary host rock to the diamonds of
the EDC remains controversial. Haggerty and Birkett (2004) com-
mented on the absence of archetypal kimberlites, and classic
lamproites, on the Indian Cratons. Paul et al. (2006, 2007)
concluded that the Indian kimberlites show a transitional nature
somewhere between southern African kimberlites, and lamproites
of Western Australia. More recently, some of the kimberlites from
the WKF have been re-classiﬁed as lamproites based solely on
mineralogical grounds (Mitchell, 2010; Kaur and Mitchell, 2013,
2015). However, the present study clearly highlights the existence
of kimberlite- and orangeite-type rocks in the TKC, through a
combination of mineralogy and geochemistry.
The lower TiO2, and the higher SiO2 and K2O content of TK-1
(macrocrystic) and TK-4 reﬂects their orangeitic nature (Smithd geodynamic implication of the MesoproterozoiceLate Cretaceous
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Figure 8. Primitive mantle normalized multi element plot for TK-1 and TK-4 kimberlites (A) and TK-2 and TK-3 kimberlites (B). Orangeite ﬁeld from Becker and Le Roex (2006),
normalizing values are from Sun and McDonough (1989).
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and HFS elements e.g. LaeRb and NbeBa, also highlights the same
aspect (Fig. 7). As LILE are known to be more sensitive to secondary
alteration, we further tested our argument by using trace element
ratios which are generally unchanged during secondary processes
and also during magmatic fractionation. Plots of Pb anomaly vs. Lu/
Gd, Ba/Nb vs. Ce/Pb and La/Yb vs. La/Sm all showmarked orangeitic
afﬁnity for TK-1 (macrocrystic) and TK-4 (Fig. 9 AeC). Furthermore,
the mineral chemistry data also provides support to the orangeite
classiﬁcation of TK-1 (macrocrystic) and TK-4.
In situ perovskite dating yields a 206Pb/238U age of 1086  19 Ma
for TK-1 (microcrystic) and 1119  12 Ma for TK-3, and a signiﬁ-
cantly younger late Cretaceous age of 86.8  3.4 Ma for TK-1
(macrocrystic; Chalapathi Rao et al., 2016). No age could be ob-
tained for TK-4 due to pervasive alteration of the perovskites. The
(143Nd/144Nd)i values for the perovskites from TKC kimberlites
range from 0.51183 to 0.51231, with εNd values of 8.12 to þ7.93
(Chalapathi Rao et al., 2016). The more enriched values of εNd
(5.31 to 8.12) for TK-1 (macrocrystic) further attest to its
orangeitic character (Fig. 10). It is evident from a binary plot of εNd
versus (143Nd/144Nd)i (Fig. 10) that perovskite from TK-4 yields εNd
values ofþ5.20 toþ7.93, which exceeds the accepted upper limit ofPlease cite this article in press as: Dongre, A., et al., Petrology, genesis an
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anomalously high value could be an artifact arising from the
assumption of a kimberlite emplacement age of 1100 Ma. Miner-
alogical and geochemical characteristics imply an orangeitic nature
for TK-4 similar to that of TK-1 (macrocrystic). Hence, by assuming
an emplacement age of say 90 Ma (i.e. that of the TK-1 macrocrystic
variant), an enriched εNd value of 10.67 to 12.63 are calculated
for Tk-4. Such values fall within the orangeite ﬁeld, and follow the
same mantleearray displayed by the TK-1 (macrocrystic) and the
Bastar orangeites. It is further evident from Fig. 10 that the data for
TK-1 (macrocrystic) and TK-4 (after assigning an emplacement age
of 90 Ma) are more similar (i.e. comparable) to orangeites, than to
lamproites and ‘transitional’ kimberlites. In contrast, the data for
TK-1 (microcrystic) and TK-3 are clearly conﬁned to theworld-wide
data ﬁeld for archetypal kimberlites (Group 1 kimberlites).
6.3. Implication of different magmatic pulses in TKC
Multiple pulses (episodes) of kimberlite magma are clearly
present in the TKC. In the case of TK-4, macrocrystic as well as
microcrystic phases are observed within a single intrusion
(Chowdary et al., 2007). Conventional wisdom dictates that thed geodynamic implication of the MesoproterozoiceLate Cretaceous
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Figure 9. (A) Lu/Gd vs. Pb*, (B) Ba/Nb vs. Ce/Pb, and (C) La/Yb vs. La/Sm variations for
kimberlites under study, data for orangeite and kimberlite ﬁelds from Becker and Le
Roex (2006).
Figure 10. εNd vs. (143Nd/144Nd)i plot for kimberlites under study (data from
Chalapathi Rao et al., 2016). Fields of kimberlite, orangeite, lamproite and transitional
kimberlites are compiled from the literature. Data sources: lamproite (Fraser et al.,
1985; Davies et al., 2006), orangeite (Fraser et al., 1985; Nowell et al., 2004; Becker
and Le Roex, 2006; Donnelly et al., 2011), kimberlite (Nowell et al., 2004; Becker and
Le Roex, 2006; Carlson et al., 2006; Gaffney et al., 2007; Tappe et al., 2011; Tappe
et al., 2013; Tappe et al., 2014) and transitional kimberlite (Nowell et al., 2004;
Becker et al., 2007). Grey circles represent TK-4 kimberlite (after considering 90 Ma).
Symbols for other kimberlites remain the same as in previous ﬁgures. KCR: kimberlite
clan rocks.
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ation, where the larger macrocrysts are physically sorted and
removed during ascent and emplacement (e.g. Bhattacharji, 1967;
Komar, 1972; Mitchell, 1986; Shee, 1986; Scott Smith, 1996;
Kjarsgaard, 2007), or crystal fractionation (Harris et al., 2004;
Dongre et al., 2014), as opposed to multiple intrusions within the
same pipe. Autoliths in kimberlites which are typically rounded and
very ﬁne grained (Dawson, 1980), compared to the host rock, and
may represent samples of cognate magma (Patterson et al., 2008)
and considered a result of magmatic liquation. In TK-1, two
different variants (a microcrystic xenolithic variety, occurring in a
macrocrystic host) are observed. These have sufﬁcientPlease cite this article in press as: Dongre, A., et al., Petrology, genesis an
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differences, to demonstrate that their derivation from different
(separate) batches of kimberlite magma, and discount the possi-
bility of being autoliths.
Kimberlites with more than one age population of perovskite,
representing xenoliths of an earlier phase of kimberlite intrusion,
occur in the Elliott County and Buffonta kimberlite clusters
(Heaman and Kjarsgaard, 2000; Heaman et al., 2004). A spatial
association of Paleoproterozoic Group I kimberlite and Cretaceous
Group II kimberlite has been documented in the Kuruman province
on the Kaapvaal Craton (Donnelly et al., 2011). Multiple phases of
kimberlite magma, with distinct mineral modes, are also reported
from the Pipe 2 kimberlite, WKF, India (Dongre et al., 2014), but
their age relation remain unknown. A further isotopic and
geochronological investigation of all the kimberlites of the WKF is
required, in view of the presence of multiple emplacement ages of
kimberlites on the EDC.6.4. Magma generation
Pronounced negative Rb and K anomalies, as well as somewhat
less pronounced Sr, P, Hf and Ti anomalies, are characteristics of
Kaapvaal Craton kimberlites (i.e. Group 1-type kimberlites; Becker
and Le Roex, 2006). Kaapvaal orangeites, in contrast, have (i) less
prominent depletions of Rb and K, (ii) enriched patterns with
relative depletions in Sr, P, Hf and Ti, (iii) a marked positive Pb
anomaly, (iv) larger negative Ti anomalies and (v) broad depletion
of KeTaeNb (Becker and Le Roex, 2006; Coe et al., 2008). Depletion
in Nb and Ta is a characteristic feature of calc-alkaline magmatism,
representing subduction-zone settings (e.g. Woodhead et al., 1998).
Their presence in Kaapvaal orangeites is attributed to the meta-
somatism of their source regions by subduction-related upwelling
of calc-alkaline ﬂuids (Coe et al., 2008). It is important to note that
subduction-related characteristics (Nb and Ta anomalies) are ab-
sent in orangeites from the TKC as well as the Bastar Craton (Fig. 8),
and therefore is unlikely to have been derived from source regions
that metasomatically-enriched by subduction-related ﬂuids. How-
ever, their large negative Ti anomalies, together with their smalld geodynamic implication of the MesoproterozoiceLate Cretaceous
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Figure 11. Gd/Yb vs. La/Sm for kimberlites under study. Illustrated curves represents
melting trajectories of kimberlite and orangeites source regions. Source region com-
positions and residual modal mineralogy data is from Becker and Le Roex (2006).
Numbers shown represents degree of melting. Melting curves in continuous line
represents partition coefﬁcients from Becker and Le Roex (2006), whereas melting
curves in dashed line represents experimentally determined bulk peridotite/melt
partition coefﬁcients at 8.6 Gpa and 1470 C (from Dasgupta et al., 2009). Compositions
of kimberlites (grey circles) and orangeites (grey diamonds) from South Africa are
shown in background for comparison. Data for kimberlite and orangeite is from Le
Roex et al. (2003), Becker and Le Roex (2006) and Coe et al. (2008). Symbols for TKC
samples under study are same as in previous ﬁgures.
A. Dongre et al. / Geoscience Frontiers xxx (2016) 1e1310negative K and Rb anomalies, as well as their positive Pb anomalies,
are characteristic features of orangeites world-wide.
Tappe et al. (2011, 2014) used experimentally determined peri-
dotite/melt partition coefﬁcients (Brey et al., 2008; Dasgupta et al.,
2009) to calculate the trace element abundance patterns of partial
melts forming between 6 and 10 GPa, utilizing a batch partial
melting model. The incompatible trace element concentration
levels of these calculated melts are mostly lower than actual con-
centrations observed in kimberlites. This difference in concentra-
tion can be addressed by lowering the assumed amount of partial
melting, and/or using an enriched source composition. In Fig. 11 we
have utilized the carbonated peridotite/melt partition coefﬁcients
given by Dasgupta et al. (2009), at 8.6 GPa and 1470 C, for enriched
source compositions inferred for South African kimberlites and
orangeites on the Kaapvaal Craton (Becker and Le Roex, 2006).
Experimental studies have shown that carbonatitic to kimberlitic
melts can be generated by low degrees (F ¼ 0.1e1%) of partial
melting, of carbonated peridotite, at pressures between 5 and
10 GPa (Gudﬁnnsson and Presnall, 2005; Brey et al., 2008; Dasgupta
et al., 2009; Foley et al., 2009). It can be deduced from Fig. 11 that
the TKC and Bastar orangeites have relatively higher La/Sm that can
be generated by low degrees of partial melting (F up to 1.5%).
However, kimberlites have relatively lower La/Sm, requiring
slightly higher amounts of partial melting (F > 1.5%). Contrasting
La/Sm and Gd/Yb can be attributed to relatively more metasomat-
ized (enriched) mantle source regions for orangeites (Becker and Le
Roex, 2006). In another recent study, based on results from
experimental melting of garnet peridotite at 6 GPa, the low Na2O
and FeO, but enriched K2O, of orangeites are considered to have
been derived frommelt-depleted cratonic lithosphere, enriched by
the metasomatic addition of K2O- and H2O-enriched ﬂuids, and
orangeite magmas can be constrained as being the product of
w0.2 wt.% melting of an enriched peridotite source (Novella andPlease cite this article in press as: Dongre, A., et al., Petrology, genesis an
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the orangeite melt generation from an enriched mantle i.e. MAR-
IDe veined rich type of source.
6.5. Some geodynamic implications
The Nd isotopic compositions of perovskite from TK-1 (micro-
crystic) and TK-3 have a depleted signature, with TDM Nd model
ages of 1.2e1.3 Ga, and 1.4 Ga, respectively (Chalapathi Rao et al.,
2016). This points to ancient metasomatic enrichment of their
source regions during the Mesoproterozoic, similar to that of other
EDC kimberlites that have been linked to the break-up of the
Columbia supercontinent at 1300 Ma (Chalapathi Rao et al., 2013).
The TK-1 (macrocrystic) and TK-4 sources, however, experienced
relatively younger source enrichment with TDM Nd model age of
w1100 Ma, which is similar to the source-enrichment age of the
Bastar orangeites (Chalapathi Rao et al., 2011). This latter source-
enrichment age, interestingly, coincides with the widespread
emplacement of kimberlites and related rocks into the Eastern
Dharwar and Bundelkhand Cratons of northern India, at 1100 Ma,
which have been interpreted as representing the activity of a short-
lived mantle plume during the Mesoproterozoic (Kumar et al.,
2007a,b), as well as the timing of the assembly of the Rodinia su-
percontinent around 1000 Ma (Dalziel et al., 2000; Tappe et al.,
2014).
The mantle-derived eclogite xenoliths from the KL-2 and P-3
kimberlite pipes of the WKF show evidence for a subduction-
related origin, related to the amalgamation of the EDC (Dongre
et al., 2015). However, due to the absence of radiometric ages
for these xenoliths, the age of this geodynamic event remains
unknown. In the case of South African orangeites, which shows
depletion in Nb and other HFSE’s, the involvement of subduction
zone ﬂuids for the enrichment of their lithospheric mantle source
regions, has been invoked (Becker and Le Roex, 2006). Their Nd
model ages coincide with a geodynamic event represented by the
collision of the Proterozoic NamaquaeNatal belt and the Kaapvaal
Craton at 1200 to 1000Ma. The lack of characteristic negative Nbe
and Taeanomalies in the Indian orangeites excludes a subduction-
related source enrichment process (Coe et al., 2008). Enrichment
of mantle source regions has also been attributed to metasoma-
tizing alkaline ﬂuids or melts derived from upwelling astheno-
spheric mantle, which modify the overlying sub-continental
lithospheric mantle (McKenzie, 1989; Foley, 1992; Le Roex et al.,
2003; Tappe et al., 2012). Therefore, it is speculated that tectonic
processes related to a 1100 Ma, short-lived plume activity, may
have provided the heat resulting in (1) the initiation of partial
melting, (2) the generation of the kimberlites on the EDC and the
Bundelkhand Craton, (3) the depletion of the mantle source re-
gions and (4) subsequently, or even contemporaneously, the
enrichment of the already depleted source regions of the Indian
orangeites. Thus, it appears that the amalgamation of the Rodinia
supercontinent was associated with a short-lived mantle plume,
which has played a key role in the eruption of 1100 Ma kimber-
lites, and the source enrichment of orangeites. However, recent
work on the relation of kimberlites and supercontinent cycles,
suggests a plate tectonic origin for kimberlites, without the
melting of anomalously hot, upwelling mantle (Tappe et al., 2014).
In general, the involvement of mantle plumes is held responsible
for the disruption of supercontinents such as Columbia and
Gondwana (Yoshida and Santosh, 2011). However, Chalapathi Rao
et al. (2013) inferred that the 1100 Ma, short-lived plume activity,
was inadequate in melting the shallow part of thick Indian
lithosphere.
The enriched signature of TK-1 (macrocrystic) and highly dia-
mondiferous TK-4 (assuming it was emplaced at 90 Ma)d geodynamic implication of the MesoproterozoiceLate Cretaceous
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lithospheric mantle source. Heat-ﬂow, magnetotelluric and seismic
receiver function investigations indicate a much thinner modern
day lithosphere thickness (<100 km) for the Eastern Dharwar
Craton (Pandey and Agrawal, 1999; Gokarn et al., 2004; Kumar
et al., 2007a,b). It has been argued that much of the lithospheric
root beneath India may have been lost and/or modiﬁed during the
breakup of Gondwana, and hence the (or during the) rapid north-
ward drift of the Indian plate in the Cretaceous (Negi et al., 1986;
Kumar et al., 2007a,b). However, the presence of diamondiferous
orangeites of (i) ca. 65 Ma on the Bastar Craton, central India, and
(ii) ca. 90 Ma on the Eastern Dharwar Craton, southern India, ne-
cessitates the survival of thick lithospheric roots up to at least the
late Cretaceous (ca. 90 Ma) in the EDC, and up to 65 Ma in the case
of the Bastar Craton (Lehmann et al., 2010; Chalapathi Rao and
Lehmann, 2011), as the preservation of a rigid (cool) mantle keel
extending into the diamond stability ﬁeld is a requirement for the
transport of diamonds to the earth’s surface. If the geophysical
perspective of a thinner modern-day Indian lithosphere is correct,
then it is likely that interaction of the Indian plate with the Marion
(at ca. 90 Ma) and the Reunion (at ca. 65 Ma) mantle plumes might
have played a major role in the destruction of lithospheric roots by
eroding the lower portions of the Indian plate, thereby facilitating
its rapid northward movement after the late Cretaceous (Pandey
and Agrawal, 1999; Veeraswamy and Raval, 2005; Kumar et al.,
2007a,b; Eagles, 2013).
7. Conclusions
Mineral compositions of the various liquidus phases (spinel,
phlogopite, clinopyroxene and perovskite) from all four kim-
berlites, and new whole-rock geochemical data for one of the
pipes (TK-3), from the TKC, Wajrakarur ﬁeld, Eastern Dharwar
Craton, southern India, are presented. Amongst the TKC occur-
rences, the TK-1 (macrocrystic) and TK-4 intrusions show
mineralogical signatures that are considered to be characteristic
of orangeites viz., the presence of abundant macrocrysts and
microphenocrysts of phlogopite, groundmass mica and titano-
magnetite spinels displaying orangeite trends, higher REE2O3
contents in perovskites, and the presence of clinopyroxene of
orangeitic afﬁnity.
This mineralogical afﬁnity towards orangeites is also supported
by their geochemical characteristics such as higher SiO2 and K2O,
lower TiO2, higher Ba, Rb, Ba/Nb and La/Sm ratios, positive Pb
anomalies, lower negative K anomalies, together with their
enriched Nd isotopic (perovskite) signatures. On the other hand,
the TK-1 microcrystic variety, as well as TK-2 and TK-3, have
mineralogical and geochemical signatures more typical of arche-
typal kimberlites. Various geochemical screens involving major
elements, Pb, and REE, provides evidence for the crustal contami-
nated nature of the TK-1 microcrystic variant.
Our forward batch melting modelling show the formation of
orangeite and kimberlite melts by small degrees of partial melting
of carbonated peridotite using carbonated peridotite/melt partition
coefﬁcients at 8.6 GPa with the orangeites requiring source regions
that are more metasomatised than those of the kimberlites.
The absence of negative Nb, Ta and calc-alkaline signatures in
the TKC orangeites exclude a Kaapvaal Craton e like subduction-
related source enrichment in their generation. The recognition of
the highly diamondiferous TK-4 and another TK-1 occurrence as an
orangeite, with a possible emplacement age of ca. 90 Ma, has an
important implication in that thick (>150 km) lithospheric mantle
roots persisted in the southern Indian shield even after the breakup
of the Gondwana supercontinent, till at least the late Cretaceous
(ca. 90 Ma).Please cite this article in press as: Dongre, A., et al., Petrology, genesis an
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